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                \begin{document}$${{B} ^+} \!\rightarrow {{{K}} ^+} {\mu ^+\mu ^-} $$\end{document}$ receives contributions from short-distance $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{b}} \!\rightarrow {{s}} {\ell ^+} {\ell ^-} $$\end{document}$ flavour-changing neutral-current (FCNC) transitions and long-distance contributions from intermediate hadronic resonances. In the Standard Model (SM), FCNC transitions are forbidden at tree level and must occur via a loop-level process. In many extensions of the SM, new particles can contribute to the amplitude of the $\documentclass[12pt]{minimal}
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                \begin{document}$${{B} ^+} \!\rightarrow {{{K}} ^+} {\mu ^+\mu ^-} $$\end{document}$ are therefore sensitive probes of physics beyond the SM.

Recent global analyses of measurements involving $\documentclass[12pt]{minimal}
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                \begin{document}$${{b}} \!\rightarrow {{s}} {\ell ^+} {\ell ^-} $$\end{document}$ processes report deviations from SM predictions at the level of four standard deviations \[[@CR1]--[@CR15]\]. These differences could be explained by new short-distance contributions from non-SM particles \[[@CR1]--[@CR5], [@CR12], [@CR16]\] or could indicate a problem with existing SM predictions \[[@CR13], [@CR15], [@CR17]\]. To explain the observed tensions, long-distance effects would need to be sizeable in dimuon mass regions far from the pole masses of the resonances. Therefore, it is important to understand how well these long-distance effects are modelled in the SM and how they interfere with the short-distance contributions. Previous measurements of $\documentclass[12pt]{minimal}
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                \begin{document}$$\psi {(2S)}$$\end{document}$ resonances. The amplitude in these mass regions is dominated by the narrow vector resonances and has a large theoretical uncertainty. These dimuon regions are therefore considered insensitive to new physics effects.

In this paper, a first measurement of the phase difference between the contributions to the short-distance and the narrow-resonance amplitudes in the $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\mu \mu }$$\end{document}$, using a model describing the vector resonances as a sum of relativistic Breit--Wigner amplitudes. This approach is similar to that of Refs. \[[@CR13], [@CR24]\], with the difference that the magnitudes and phases of the resonant amplitudes are determined using the LHCb data rather than using the external information on the cross-section for $\documentclass[12pt]{minimal}
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The measurement presented in this paper is performed using a data set corresponding to 3$\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{\,fb}^{-1}$$\end{document}$ of integrated luminosity collected by the LHCb experiment in *pp* collisions during 2011 and 2012 at $\documentclass[12pt]{minimal}
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                \begin{document}$${{B} ^+} \!\rightarrow {{{K}} ^+} {\mu ^+\mu ^-} $$\end{document}$ decays, including the model for the various resonances appearing in the dimuon mass spectrum; the fit procedure to the dimuon mass spectrum, including the methods to correct for the detection and selection biases, is discussed in Sect. [5](#Sec5){ref-type="sec"}. The results and associated systematic uncertainties are discussed in Sects. [6](#Sec10){ref-type="sec"} and [7](#Sec11){ref-type="sec"}. Finally, conclusions are presented in Sect. [8](#Sec12){ref-type="sec"}.

Detector and simulation {#Sec2}
=======================

The LHCb detector \[[@CR27], [@CR28]\] is a single-arm forward spectrometer, covering the pseudorapidity range $\documentclass[12pt]{minimal}
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                \begin{document}$${{{B} ^+}} \!\rightarrow {{{J}/\psi }} {{{K}} ^+} $$\end{document}$ decays \[[@CR29]\]. The minimum distance of a track to a primary vertex (PV), the impact parameter (IP), is measured with a resolution of $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm {\,GeV/}c}$$\end{document}$. Different types of charged hadrons are distinguished using information from two ring-imaging Cherenkov detectors (RICH). Photons, electrons and hadrons are identified by a calorimeter system consisting of scintillating-pad and preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons are identified by a system composed of alternating layers of iron and multiwire proportional chambers. The online event selection is performed by a trigger \[[@CR30]\], which consists of a hardware stage, based on information from the calorimeter and muon systems, followed by a software stage, which applies a full event reconstruction.

A large sample of simulated events is used to determine the effect of the detector geometry, trigger, and selection criteria on the dimuon mass distribution of the $\documentclass[12pt]{minimal}
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                \begin{document}$${{B} ^+} $$\end{document}$ meson is described by [EvtGen]{.smallcaps}  \[[@CR34]\], which generates final-state radiation using [Photos]{.smallcaps}  \[[@CR35]\]. As described in Ref. \[[@CR36]\], the [Geant4]{.smallcaps} toolkit \[[@CR37], [@CR38]\] is used to implement the interaction of the generated particles with the detector and its response. Data-driven corrections are applied to the simulation following the procedure of Ref. \[[@CR23]\]. These corrections account for the small level of mismodelling of the detector occupancy, the $\documentclass[12pt]{minimal}
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Selection of signal candidates {#Sec3}
==============================

In the trigger for the 7 TeV (8 TeV ) data, at least one of the muons is required to have $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{IP} > 100{\,\upmu \mathrm {m}} $$\end{document}$ with respect to all PVs in the event; if this final-state particle is identified as a muon, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm { T}} > 1.0{\mathrm {\,GeV/}c} $$\end{document}$ is required instead. Finally, the tracks of two or more of the final-state particles are required to form a vertex that is significantly displaced from all PVs.

In the offline selection, signal candidates are built from a pair of oppositely tracks that are identified as muons. The muon pair is then combined with a charged track that is identified as a kaon by the RICH detectors. The signal candidates are required to pass a set of loose preselection requirements that are identical to those described in Ref. \[[@CR26]\]. These requirements exploit the decay topology of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{B} ^+} \!\rightarrow {{{K}} ^+} {\mu ^+\mu ^-} $$\end{document}$ transitions and restrict the data sample to candidates with good-quality vertex and track fits. Candidates are required to have a reconstructed $\documentclass[12pt]{minimal}
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Combinatorial background, where particles from different decays are mistakenly combined, is further suppressed with the use of a Boosted Decision Tree (BDT) \[[@CR39], [@CR40]\] using kinematic and geometric information. The BDT is identical to that described in Ref. \[[@CR26]\] and uses the same working point. The efficiency of the BDT for signal is uniform with respect to $\documentclass[12pt]{minimal}
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Specific background processes can mimic the signal if their final states are misidentified or partially reconstructed. The requirements described in Ref. \[[@CR26]\] reduce the overall contribution of the background from such decay processes to a level of less than 1% of the expected signal yield in the full mass region. The largest remaining specific background contribution comes from $\documentclass[12pt]{minimal}
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                \begin{document}$${{{K}} ^+} {\mu ^+\mu ^-} $$\end{document}$ mass of the selected candidates is shown in Fig. [1](#Fig1){ref-type="fig"}. The signal is modelled by the sum of two Gaussian functions and a Gaussian function with power-law tails on both sides of the peak; these all share a common peak position. A Gaussian function is used to describe a small contribution from $\documentclass[12pt]{minimal}
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Differential decay rate {#Sec4}
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Signal model {#Sec6}
------------

The magnitudes and phases of the resonances are allowed to vary in the fit, as are the Wilson coefficients $\documentclass[12pt]{minimal}
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Mass resolution {#Sec7}
---------------

The convolution of the resolution function with the signal model is implemented using a fast Fourier transform technique \[[@CR53], [@CR54]\]. The fit to the data is performed in three separate regions of dimuon mass: $\documentclass[12pt]{minimal}
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Efficiency correction {#Sec8}
---------------------

The measured dimuon mass distribution is biased by the trigger, selection and detector geometry. The dominant sources of bias are the geometrical acceptance of the detector, the impact parameter requirements on the muons and the kaon and the $\documentclass[12pt]{minimal}
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Background model {#Sec9}
----------------

The reconstructed dimuon mass distribution of the combinatorial background candidates is taken from the $\documentclass[12pt]{minimal}
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Results {#Sec10}
=======
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Systematic uncertainties {#Sec11}
========================

Sources of systematic uncertainty are considered separately for the phase and branching fraction measurements. In both cases, the largest systematic uncertainties are accounted for in the statistical uncertainty as they are included as nuisance parameters in the fit. For smaller sources of uncertainty, the fit is repeated with variations of the inputs and the difference is assigned as a systematic uncertainty. A summary of the remaining systematic uncertainties can be found in Table [5](#Tab5){ref-type="table"}.

The parameters governing the behaviour of the tails of the resolution function are particularly correlated with the phases. The systematic uncertainty on the resolution model is included in the statistical uncertainty by allowing the resolution parameter values to vary in the fit. If the tail parameters are fixed to their central values, the statistical uncertainties on the phase measurements decrease by approximately 20%. The choice of parameterisation for the resolution model is validated using a large sample of simulated events and no additional uncertainty is assigned for the choice of model. For the branching fraction measurement, the uncertainty arising from the resolution model is negligible compared to other sources of systematic uncertainty.
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Other, smaller systematic uncertainties include modelling of the combinatorial background, calculation of the efficiency as a function of $\documentclass[12pt]{minimal}
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Conclusions {#Sec12}
===========

This paper presents the first measurement of the phase difference between the short- and long-distance contributions to the $\documentclass[12pt]{minimal}
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The fit results in four approximately degenerate solutions corresponding to ambiguities in the signs of the $\documentclass[12pt]{minimal}
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The measurement of the Wilson coefficients prefers a value of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\mathcal {C}_{10}| < |\mathcal {C}_{10}^\mathrm{SM}|$$\end{document}$ and a value of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\mathcal {C}_{9}| > |\mathcal {C}_{9}^\mathrm{SM}|$$\end{document}$. If the value of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal {C}_{10}$$\end{document}$ is set to that of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal {C}_{10}^\mathrm{SM}$$\end{document}$, the measurement favours the region $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\mathcal {C}_{9}| < |\mathcal {C}_{9}^\mathrm{SM}|$$\end{document}$. These results are similar to those reported previously in global analyses. The interference between the short- and long-distance contributions in the regions around the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\rho $$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\omega $$\end{document}$ and the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi $$\end{document}$, and in the region $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${q^2} > m_{{\psi {(2S)}}}^2$$\end{document}$, results in the exclusion of the hypothesis that $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal {C}_{9} = 0$$\end{document}$ at more than 5 standard deviations. The dominant uncertainty on the measurements of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal {C}_{9}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal {C}_{10}$$\end{document}$ arises from the knowledge of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B\rightarrow K$$\end{document}$ hadronic form factors. The current data set allows the uncertainties on these hadronic parameters to be reduced. Improved inputs on the form factors from lattice QCD calculations and the larger data set that will be available at the end of the LHC Run 2 are needed to further improve the measurement of the Wilson coefficients.

A similar strategy to the one applied in this paper can be extended to other $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$b\rightarrow s\ell ^+\ell ^-$$\end{document}$ decay processes to understand the influence of hadronic resonances on global fits for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal {C}_{9}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal {C}_{10}$$\end{document}$. However, the situation is more complicated in decays where the strange hadron is not a pseudoscalar meson as the amplitudes corresponding to different helicity states of the hadron can have different relative phases.

Finally, a measurement of the branching fraction of the short-distance component of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{B} ^+} \!\rightarrow {{{K}} ^+} {\mu ^+\mu ^-} $$\end{document}$ decays is also reported and is found to be$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \mathcal {B}({{{B} ^+}} \!\rightarrow {{{K}} ^+} {\mu ^+} {\mu ^-} ) = (4.37\pm 0.15\mathrm {\,(stat)} \pm 0.23\mathrm {\,(syst)}) \times 10^{-7}\; , \end{aligned}$$\end{document}$$where the first uncertainty is statistical and second is systematic. In contrast to previous analyses, the measurement is performed across the full $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$q^2$$\end{document}$ region accounting for the interference with the long-distance contributions and without any veto of resonance-dominated regions of the phase space. The value of the branching fraction is found to be compatible with previous measurements \[[@CR22]\], but smaller than the SM prediction \[[@CR42]\].

The inclusion of charge-conjugate processes is implied throughout.
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